Laser-based sources of ionizing radiation have attracted a considerable attention in the last years for their broad potential applications. However the stability and robustness of such sources is still an issue that needs to be addressed. Aiming to solve such problems, we propose a source that uses a liquid jet -rather than a solid-as a target for the production of X-rays. Liquid jets offer always a clean surface for every laser shot which represent a clear advantage over solids. In this work, we present an experimental characterization of the X-ray emission of such targets, and study the efficiency of the process when two temporally delayed pulses are used. According to the obtained results, the X-ray yield is comparable with commonly used targets.
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I. INTRODUCTION
Cancer is the second leading cause of death in the first world, and is expected to be the leading cause before the end of this century. Despite of the discouraging scenario, over the last decades and triggered by a more detailed knowledge of the interaction between the ionizing radiation and the tumoral tissue, there has been an increase in the average survival of patients diagnosed with such a terrible disease. At the moment, new promising radiotherapy possibilities are attracting large attention of the scientific community. Based on the latest laser technology developments, nowadays is possible to generate ultrashort bunches of ionizing radiation of femtosecond/picosecond time duration with ultrahigh dose-rates 10 9 Gy/s, , being 1 gray (Gy) defined as the absorption of one joule of radiation energy per kilogram of matter. However there are major scientific issues that need to be addressed: can we trigger non-lineal phenomena with this high flux? Is there any advantage to depositing the dose in such ultrashort period of time? Can we deepen our knowledge of the dynamics of irradiated tissues and hence design more efficient radiotherapy treatments and strategies? (see for example [1] [2] [3] and references therein). It is possible to find in literature only few preliminary studies with different cellular lines (mostly in vitro) [4] [5] [6] [7] [8] [9] [10] [11] [12] . Unfortunately, the results are inconclusive being necessary further research involving the broadest possible collaborations due to the multidisciplinary aspects of the problems.
So far, different laser-based sources have been proposed but mostly relying on solid targets, and in the direction of achieving challenging performances rather than robustness and user-friendliness [13, 14] . For example, nowadays one can find relatively simple setups capable to produce ultrashort bunches of X-rays and electrons using moderate laser intensities in the range of 10 16 -10 17 Wcm −2 [13] [14] [15] [16] [17] [18] [19] [20] [21] . Typically, a femtosecond laser is focalized into a solid target producing at the early stage of the pulse the ionization of the sample. In such conditions, the rest of the pulse interacts predominantly with an expanding plasma coming from the solid target rather than with the target itself. In this interaction, electrons are extracted by the electric field of the laser, accelerated, and reinjected into the plasma bulk. In this process both Bremsstrahlung radiation -by the sudden loss of energy of the re-injected electrons-and the characteristics X-ray emission of the material of the target -by the creation of inner vacant in the atoms of the targetare emitted. Also, electron bunches following the reflection direction of the laser are generated. Both radiations, i.e., electrons and X-rays, inherit the temporal characteristics of the laser pulse. However this scheme presents several difficulties. Once the laser interacts with the target, this is heavily damage being necessary to move or rotate it to ensure a fresh area for the following laser shot. This limits considerably the reproducibility of the X-ray radiation generated because one can not ensure the same experimental conditions after the target movement. Also the live time, defined as the time of recording events or total time of acquisition, of the possible experiments is reduced by the required target replacement and subsequent realignment. According to this, these sources offer severe limitations for biomedical studies, being necessary a new source generation robust enough to permit systematic measurements and focused on an exquisite control over the radiation characteristics.
With the intention to offer a solution for the above described problems, we present in this manuscript the generation of laser-based X-rays from a liquid jet curtain [22] [23] [24] [25] [26] . The used setup maintains stable the density profile of the liquid shot to shot, allowing a stable X-ray generation without the need of moving and replacing the target. Furthermore, similarly to solid target where the X-rays the emission can be tuned using different materials, for liquids targets this tunability is obtained by solving different salts, for this work we have used KCl and KBr, in an adequate solvent. In the following we will discuss the experimental setup as well as the characterization of the X-ray and electron emission. Finally, we complete our contribution with a brief summary and outlook.
II. EXPERIMENTAL SETUP
The laser used in this work was a commercial Titanium-Sapphire femtosecond system, p-polarized, with a pulse duration of 120 fs, carrier wavelength 800 nm, repetition rate 1 kHz, and energy per pulse up to 7.5 mJ. The spatial profile was circular with a radius of 0.6 cm FWHM (Full Width Half Maximum). For the generation of X-rays, just 0.9 mJ were focused into the target, i.e., into the liquid jet curtain, by a microscope objective of numerical aperture NA = 0.42. The achieved focal spot measured at low intensity was of the order of 1.5 µm in the horizontal and 1.2 µm in the vertical direction being accordingly the expected intensity of the order of 10 17 Wcm −2 . At the conditions for X-ray generation, i.e., using an energy per pulse of 0.9 mJ, the laser power (P≈7.9 GW) exceeds the critical power for air (P air ≈1.9 GW), being the focal spot considerably limited by laser filamentation [27] . In these conditions, we estimate a focal spot with a diameter of the order of 100 µm and an intensity of the order of 10 14 Wcm −2 . It is noticeable that even at such low intensities X-ray and electron bunches are produced. The laser was p-polarized, and the angle of incidence into the target was 45 degrees. The X-ray production was detected by an Amptek Silicon drift detector (SDD-132).
The liquid jet curtain used as target was generated by a dye circulator connected to a nozzle (Sirah lasertechnik). This kind of circulators are normally used to provide the active medium for CW lasers. However for X-ray production we used rather than the solution of a laser dye in a organic solvent, e.g., ethylene glycol, a mixture of water, glycerin and potassium chloride (KCl) or potassium bromide (KBr). In principle it is possible to use different salts with different concentrations, always that the solution has a density similar to ethylene glycol (1.1132 g/cm 3 ). Otherwise the liquid jet become unstable and the nozzle can get damage. We achieved that with a mixture of 65% of glycerol and 35% of water in weight. Although the solubility of KCl in water is 34.2 g/100 g we used just 25 g/100 g for precaution. For KBr we just used 28.6 g/100 g being the solubility in water 67.8g/100g. The circulator was operating at a stagnation pressure of 10 bars although it is possible to obtain a stable jet without flickering and/or air bubbles for a wide range of pressures. The dimensions of the jet were ∼ 65 µm thickness times 4 mm in the widest part (see Fig. 1 ). Figure 2 shows a typical X-ray spectrum for a solution of glycerin, water and KBr, and glycerin, water and KCl. It is important to mention for all spectra showed in this work we have apply a Fourier Trasnform Filter (FFT) to avoid the fast oscillations produced by spurious noise. Both spectra are defined by a Bremsstrahlung emission extending to approximately 60 keV produced in the bulk of the liquid jet, and the characteristic X-ray emission of the solute. Concretely, we can see the K α and K β lines of Br at 11.9 keV and 13.3 keV. The X-ray emission of Cl and K couldn't be detected (K α =2.6 keV and K β =2.8 keV for Cl, and K α =3.3 keV and K β =3.6 keV for K) because is absorbed by air and filters [28] . The differences in the spectra for the low energy emission are due to a 1 cm methacrylate filter used for recording the spectrum of KBr. To obtain the efficiency of the liquid target, we can compare the K α energy conversion for KBr and for solid Cu targets which have been routinely used so far [18, 19] . Figure 3 shows the spectra used for this comparison. Both measurements were taken in the same conditions: we placed the detector in the laser reflexion direction at a distance of 55 cm from the target. We filtered the radiation with a 1 cm thickness methacrylate filter to avoid pile up. The mass attenuation coefficient of methacrylate can be adjusted in our region of interest (1-100 keV) as [28] :
III. SOURCE CHARACTERIZATION
To calculate correctly the efficiency of the source, it is necessary to take into account all the elements that reduce the X-ray photon flux prior it reaches the detector: 54 cm path in air, 1 cm thickness methacrylate filter, 1.25 µm thickness berylium window that protect the detector, and the characteristic quantum efficiency of the detector. Taking all these factors into account, we obtain a total transmission of 1.2% for 8.0 keV and 14.6% for 11.9 keV. According to Fig. 3 we registered 0.0009 counts/s for the K α line of Cu at 8.0 keV and 0.011 counts/s for the K α line of Br at 11.9 keV. If we assume a 4π distribution for the K α emission, and consider the effective area of the detector (25 mm 2 ), we obtain finally 7.79 × 10 4 photons per pulse for Cu K α line and 1.16 × 10 4 photons per pulse for Br K α line. This is equivalent to a a efficiency of 1.5 × 10 −7 for solid Cu and 3.4 × 10 −8 for the liquid solution of KBr. In literature one can find several works reporting the efficiency of different targets in vacuum conditions. For example, for Cu targets (wire and tape) the efficiency range from 10 −7 to 10 −5 [29] [30] [31] [32] , while for molybdenum (Mo) disks one can obtain slightly higher efficiencies of the order of 10 −5 [20, 21] . The efficiency of liquid sources in vacuum has been also subject of research. Tompkins et al measured an efficiency of 10 −8 for 200 µm water jet with solved copper (II) nitrate (Cu(NO 3 ) 2 ) [24] , while for a gallium (Ga) jet Zhavoronkov et al measured an efficiency of 10 −6 [23] . The efficiency reported in this work for liquid target jets at atmospheric pressure conditions is smaller (10 −8 ) than those values. We attribute these differences to the absorption of air and the limitation imposed by filamentation for the minimum achievable focal spot. This leads to a lower intensity and, thus, a lower electron temperature. Despite of this difference, the advantage of working at much simpler experimental conditions and with a target that does not need replacement, compensate by far this yield reduction.
Aiming to fully characterize the liquid curtain jet source, Fig. 4 shows the X-ray yield for KBr solution as a function of the laser pulse energy. Interestingly although the emission yield decrease with the energy, even for low energies per pulse there is an appreciable X-ray generation. Below 0.1 mJ the X-ray emission was below our setup sensitivity.
Another interesting aspect to be determined is the directionality of the X-ray emission which can not be properly measured for solid targets. Figure 5 shows the X-ray spectrum for different angles of emission being the emission completely isotropic. The slightly smaller yield production for the rear direction, i.e., in the direction of the laser incidence, is produced by the absorption of the target itself. It is interesting to mention that although the K α and K β emission is expected to be isotropic for the Bremsstrahlung this is not so clear. The nature of the Bremsstrahlung emission -this is produced by the sudden loss of energy of accelerated electrons reinjected in the plasma bulk-and the fact that, as we will show later, the accelerated electrons are produced exclusively in the reflection direction of the laser radiation may introduce some sort of anisotropy in the emission. In fact for conventional X-ray tubes, this anisotropy is well established depending on the energy of the electrons [33] . While for few keV electrons the emission is quasi-isotropic, for higher energies the emission is predominant in the forward direction. For these laser-based sources, It is known that the spectra distribution of laser accelerated electrons can be described by two maxwell distribution, corresponding to the electrons that are accelerated by the laser (hot electrons) and the electrons that are accelerated in the plasma expansion (cold electrons) [34] . The hot electrons lead to bremsstrahlung distribution that behaves asymptotically like a decreasing exponential. The fitting of this exponential give us a hot electron temperature of 19.6 keV, which according to [33] is in agreement with an isotropic Bremsstrahlung distribution. Figure 6 shows the electron emission direction. These measurements were carried out placing a EBT2 gafchromic film at 5 cm from the target in the laser reflection direction. These kind of films are very insensitive to the X-ray emission in the range of energies of these work. Thus, we can assure that the signature in the film is exclusively produced by accelerated electrons. As expected, the electron emission is directional corresponding the position (x=0, y=0) to laser reflection direction.
IV. X-RAY EMISSION BY DOUBLE PULSES
The influence of a prepulse in the X-ray generation has been proved in several experiments (see for example [35] [36] [37] [38] [39] [40] [41] [42] [43] ). The observed enhancement is related with the increased coupling of the stronger second laser pulse with an expanding plasma -created by the first weaker pulse-from the target surface. This expansion takes place in the picosecond time scale, and leads to a volume increase producing a smoother density profile and a reduction in the opacity of the plasma. Since the laser-X-ray conversion efficiency strongly depends of the density gradient of the expanding plasma at a certain delay the laser-plasma coupling is maximize. If the delay between the laser pulses is too small the density profile is steep and there is not any difference in the laser-plasma coupling. On the other hand, if the delay is to large the density drops rapidly and the second laser cannot efficiently heat the plasma electrons with the subsequent reduction in the X-ray emission. For sharp density profiles, i.e., less than the laser wavelength, Brunel absorption is the main interaction laser-plasma mechanism being the energy of the expelled electrons
where I is the laser intensity in W/cm 2 and λ the laser wavelength in µm [44] . However, for smoother density profiles resonance absorption mechanisms prevails being the energy of the expelled electrons slightly higher [45] T hot ≈ 14
To study this phenomenon we slightly modified the setup described above. The original laser radiation was divided using a beam splitter 20:80 into a prepulse and a main pulse. The delay between both pulses was controlled with a precision motorized delay stage with submicron precision. Once delayed one pulse with respect to the other, they were set collinear by a beam combiner, and focalized by the microscope objetive into the same spot. The final energy of the pulses were approximately 0.24 mJ and 0.10 mJ. The different spectra were taken during 5 minutes, at a distance of 55 cm, in the direction of laser reflection, and filtering de radiation with 1 cm of methacrylate to avoid pile up. For each delay we recorded the spectrum generated by both pulses independently, and by the combined effect of them. At this low energies, the pre-pulse laser didn't produce any measurable X-ray emission. Figure 7 shows the X-ray yield increment with respect to the situation when both pulses are temporally overlapping. We can clearly see for a delay of 3 ps an increment in the X-ray yield up to 50%. This result is compatible with the enhancement observed by Hatanaka et al in [39] although there are certain differences in the experimental setup. The pulses used in this work are considerable shorter, 120 fs versus 260 fs, and the laser was set parallel for both pulses (p-polarized) while in [39] the prepulse is s-polarized and the main pulse p-polarized.
V. CONCLUSIONS
In this work we have shown the potential of liquid jets as a target for X-ray production in air, characterizing their main properties experimentally. Although the X-ray emission efficiency of liquid and solid targets is comparable, the main advantage of liquids is their robustness and stability. Since there is no need to replace the target, as it is the case for solids, it is possible to carry out systematic and/or long-live measurements. These characteristics are mandatory if we want to explore the challenging possibilities that laser-based sources of ionizing radiation may offer for new radiotherapy studies.
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